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A b s t r a c t

We report on the design and test of a whispering gallery sapphire resonator for which the dominant
(WGII~l  I ) microwave mode family shows frequency-stable, compensated operation for temperatures
above 77 kelvin. The resonator makes possible a Ilew ultra- stable oscillator (USO) capability that
promises performance improvements over the best  available crystal quartz oscillators in a compact
cryogenic package. A mechanical compensation mechanism, enabled by the difference between cop-
per and sapphire expansion coefficients, tunes the resonator to cancel the temperature variation
of sapphire’s dielectric constant. In experimental tests,  the \VGIIsll mode showed a frequency
turn-over temperature of 87 K in agreement with finite element calculations. Preliminary tests of
oscillator operation show an AlIan Deviation of frequency variation of 1.4- 6 x 10 -12 for measuring
times 1 second < T < 100 seconds with unstabilized resonator housing temperature and a mode
Q of 2 x 106. We project a frequency stability 10--14 for this resonator with stabilized housing
temperature and with a mode Q of 107

1 Introduction

A sapphire whispering gallery resonator consists
of a wheel or disk of sapphire inside a cylindrical
metallic shielding can. By confining resonating rf
fields to the sapphire element, these resonators ef-
fectively eliminate metallic conduction 10SSCS - and
so nlake  po=sible resonators which are only limited
by performance of the sapphire itself. The sapphire
is typically oriented with its crystal c- axis along the
central axis of the container in order to achieve cylin-
drical symmetry for the excited resonance modes.

Whispering gallery electromagnetic modes can be
divided into families depending on their field config-
uration, and further characterized by the nurl”lbcr of
full waves n around the perilneter of the sapphire
elcnlcnt.  The modes are doubly degenerate, with az-
imuthal phase of the two sub-modes differing by 90
————. ——. — .—..
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degrees. Modes typically used are the WGH~Il fam-
ily for wheel resonators and the WGEnl  1 family for
flat disks, where n >5.

JVith  very high microwave quality factors (Q’s) at
easily reached cryogenic temperatures, the sapphire
resonators already make possible excellent phase
noise performance. In principle, the high Q valuw
also make possible high frequency stability - if the
resonator itself were stable[l-6].  ]Iowever,  temper-
ature fluctuations in the sapphire cause unwanted
frequency fluctuations. If these frequency variations
could be cancelled  or compensated, high stability
could be achieved.

The resonator Q’s incre~se  rapidly as the temper-
ature is cooled, from approximately Q = 300,000 at
room temperature to 30 million at 77 Kelvin (for X-
band frequencies N 8 GIIz).  This compares  to Q
values of 1 to 2 million for the best available crystal
quartz oscillators, and 10,000 to 20,000 for metallic
microwave cavities. When coupled with low noise
microwave circuitry, the high sapphire Q could make
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Figure 1: Whispering gallery sappl,irc  resonator (cylindrical cross section)

possible a frequency stability as low as 10 -14 [1].

Such a stability would be 20 tiines better than that
achicvab]c  by quartz oscillators of the high~st, qual-
ity, which presently give a stability of 2 x 10-13.

~i~litc clement calculations of frequencies and fre-
quency tuning rates with temperature were rnadc
using tile CYRES  2-D program [see companion pa-
per, this confcrcncc]. A comparison of calculated
a n d  ~neasured tuni~lg rates at 77K SIIOWS  exccllcnt
agrernncnt.  In particular, both calculation and cx-
pcrimcnt show a weakening of the compensation ef-
fect for higher mode nu~nbcrs that was not predicted
by a simp]c  circuit moclcl that was initially used to
design the resonator.

2 Background

been developed to reduceVarious approaches have
(he t}lerma] variation in electromagnetic or acous-
tic resonators and so ac}]ieve high frequency stabil-
ity. Compensated operation for bulk acoustic wave
(BAW)  quartz oscillators is achieved by means of an
appropriate choice of or icntation for the quartz crYs.

tal. l’his  is possible due to a very strong variability of
acc)ustic parameters with tryst al direction. The elec-
tromagnetic  saljphire  resonators have a ]nucb smaller
anisotropy (N 3570) and no sign reversal for any of its
thcr~nal dc~wndencim. In fact, up to the present time
useful colnpcnsation  of sap~hirc resonators has only
been possible at liquid helium t,c~n~)eraturesj  where
incidental or added paramagnctic impurities give an
effective compensating effect [2,’7].  IIut hcliuln  tcrn-
peraturc operation is expensive, and i?npract,ical  for
most applications. A conlpc]lsation  ]ncchanisrn  at 77
kelvin or shove would allow liquid nitrogen could be
used as the coolant in a very wiuch smaller and 1=s
expensive systeln.

‘J’crnpcrature sensitivity of the olwrating frequency
is characteristic of all e]ectrornagnetic and acoustic
(piczoc]cctric)  resonators due to thcrlnal variation
of the size, dielectric constants, speed of sound, etc.
for solid state materials. Variation of these  param-
eters  is typically parts in 104 to 10 5 pe r  Ke lv in .
‘1’bus, ac.hicving resonator stabilities of 10-13 to
10- ‘4 would require nono-rfegme te~npcrat,ure  stabil-
ity - an impossible task.

Available techniques for higher stability and rc-
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duced thermal variation in resonator frequencies are:

1
Very low cryogenic temperatures (T < 10
Kelvin) can be used to “freeze out” the therrnal-
IIlduced variation, which varies as T 3 as the
:o~nponcnts  arc cooled. ‘1’his technique has
been successfully applied to superconducting[9],
supercmlductor-on-  sapphirc[7],  and sapphire
whispering gallery rcsonators[2].  IIowcver,  the
very low te)nperature  required makes  such sys-
tems large and expensive, and therefore imprac-
tical for most applications.

An irlhcrent]y  weak tuning mecha~lisrn  ~nay bc
used at the lowest temperatures to provide com-
plete cancellation. in this way paramagllct,ic  i~n-
puritics can compensate the thcrlnal variation
insa}J~~hire  rcsonatorsfor  7’< 6Kelvin[l,2],  but
again, operation at such tcmpcraturcs is impr=-
tical  fc~r most applications.

‘l’he difrerillg thermal coefficients for various
properties of the resonator material can bc
},laycd against each other in such a way that, for
so]ne c]~)crating  temperature, thermal frequency
variations are compensated or cancelled.  I’iezo
electric quartz resonators arc colnpensatcd  in
this way by an appropriate orientation of this
strongly anisotrol)ic  crystal (e.g. ‘(SC” or “AI’”
cut quartz resonators) [10]. Unfortunately, an
orientation dcpcndcnt  cancellation does not oc-
cur for electrolnagnctic resonators where the
anisotropy is lnuch  smaller (the temperature de-
pcndcncics  vary by o]lly x 3070 as the orienta-
tion i s  c h a n g e d ) .

A resonator may bc constructed using sev-
eral silnilar materials with cornpcnsatixlg  tllcr-
mal  characteristics. For example, dielectric res-
onators for lIR()’s are typically stabilized by usc
of several rnatcria]s  with therlnal dielectric vari-
atiorls  of opposite sign [1 1].

A mechanical tuning mechanism may bc driven
by t}lcrmal  expansion cocflicients  of the con-
struction materials. ‘1’his mechanism has been
previously applied to a sapphire resonator at
room temperature using a hig}lly reentrant ge-
ometry  to achieve very low phase  noise and a
stability of 4x 10-s at T = 10 seconds [3]. Ultra–
high stability was probab]y  precluded by susccp
tibility of the design to thermal gradients. ‘1’his
is also the ~ncthodo]ogy of the present work.
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Figure 2: “1’e.m~xmature coefficient of the dielectric
constant of sap~Jiirc  for the components parallel and
perpendicular to the c--axis.

3 Material  I’roperties

Sensitivity of the sapphire resonator’s frequency to
temperature is due to several factors.

Variation of the dielectric constalits with teln-
perature is the largest factor. As S}1OWI1  in
Fig. 2, they vary by 80--140 parts per million
(P1’hf)  pcr Kelvin at room temperature (300
Kclvins)[l  2]. The resulting frequency change is
just half this value, or 40-70 I’1’hI/Kelvin  (since
jwl/fi).

The expansion coefticicnts  of sapphire impact
the frequency directly. As shown in I?ig. 3
they give rise to a frequency change of 5-6
PPhf/Kelvin.

‘1’herlnal  expansion of the copper containing can
is a small but significant factor. Because mi-
crowave energy density at the walls is greatly
reduced, (typically 100 to 10,000 times, to en-
able a high sapphire Q) the frequency sensitivity
to can size is reduced by this same factor. Thus
the 15 PPhI/Kelvin  copper expansion (Fig. 3)
is reduced to 0.15 PPhl/Kelvin  or smaller [13].

Short term thermal stability of approximately 1
pKelvin  can bc attained at room temperature or at
77K [14]. Ilowcver, even this very low variability,
when coupled with a sapphire frequency sensitivity
of w 6 x 10- 5/K (room temperature) or M 1.25 x
10-5/K (77 K)[13],  gives frequency variations of 1 –
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Figure 3: “1’hcrlnal expansion cocflicicllts  for co})~m
and sap~J~ire. I)iffcrential  motion (shaded area) can
bcusccl  totullc avariabl  efrec~ucncy re.scmator.

6  X 1 0- 1 1.  “I’l)csc vall]es aresul,stall~ia] lyv,orsethar)

attainable with cxc.ellent,  quality quartz c]scillators,

On the other hand, if this sensitivity could bc tom-
pcnsated  to first order, the remaining response is a
second-order effect of x 10-7/K2.  If the tell-ll,era-
turc  could be kept within only .OIK of the co~npm-
sation  point, the remaining linear sensitivity \vould
be< ]xl O--9/K  .Coll~>]il)g tllissel~siti\Jity\  ~a]uewitll
the achievable temperature stability of 1 pKelvin
would result in a frequency stability of ~ 10-’ ]5, a
very attractive prospect.

JIecause thcrcarc ]loav;iilablc irltcrnal  co~]~~,clisa-
tion lncchanisms  that would give an eficctive]y  un-
cha]lging dielectric constarlt in the saI)plLirc itself,
wc lnust look for solutions where one ~Jl)ysical part
of tl]e resonator structure compensates for the effect
of a diffcrc~lt part.

lnparticular, ift,hct}lermalc  xparlsion  ~)rofile ofa
second construction material were sufllcicntly  diffcr-
entfromsapphirc, alldifa mechauisrnc  ouldbcfourld
touscthis  difference togive a frequency variationof
opposite sign tothatof  thesappllirei tsclf,apr~tical
coml)ensatcd  resonator could bc cor~structcd.

A consequence of this typeof  design is
that the various parts must be in excellent
therlnal contact with each other. For cxarn-
p]e, a temperature cfiflemntiol  of lpK,  be-

tween the parts would give rise to the sarnc
(large) 1-6 x 10-” variat ion al luded to
above.

Fortunately,  sapjhire has onc of the
highest t}lcrmal conductivities for any solid
xnatcria] in the 771< - 3 0 0 K  teln~)craturc
range, together with relatively low thermal
mass. ‘1’bus, sapp}lirc  could be mated with
some other high-conductivity material in a
composite resonator with a very short ther-
mal time constant and overall high conduc-
tivity to provide a structure with hi~ll i~n-
]nunity  to internal telnpcrature  grad;cnts.

Since sapphire’s expansion coefficient is relatively
s~nall co~npared  to most ~natcrials,  a natural choice
is for a second lnatcria) with a larger  expansion cm
c~!cic~lt. Figure 3 shows a comparison bctwccn  sap-
phire and copper - a likely candidate by virtue of
its }Iigh  thermal conductivity. “1’hc clifrc:rence bc-
twccn sapphire and cop~)cr values, as shown in the
figure is tl]c driving force for our colnpc~lsatio)l  Inech-
anism.  It is useful to colnparc this difference with the
te~nperature  cocfllcient.s  of t}le dielectric constant as
shown in Figure  2. Suc}i a comparison shows that the
compcrlsation  task is much easier  at 771{ than 300K,
since, dielectric cocflicicnt  variations arc strongly re-
duced as t},c tcmpcraturc dccrcasscs  froln  300}{ t o
77K, while the copj)er- sapphire cx~)ansion  difference
holds constant.

A corn~)arison  of the magnitudes of the twc) effects
shows t}lat a very effective tuning mechanism is re-
quired to ac}licve cornpcnsation. llowcver,  at 77K
the task does uot  sec~n out of reach. here the differ-
ence between sapphire and cop~]er expansion coeffi-
cients  is

while the dielectric tuning effect (one half of the di-
electric consta~lt variation, avcragirlg  perpendicular
and parallel co~nponcnts)  is

1 c3L11
--—- = 13.5 PPM/Kelvin.
LA) al’

Cornbil]ing these two equations we find that the re-
quired tuning sensitivity is given by

(1)

That is, differential thermal expansion bctwccn  cop
per and sapphire could be used to compensate the
dielectric constant variation in sapphire at 77 Kelvin
if a ~nechanisrn  could be found that is able to tune
about twice (actually 13.5 /7) as much as it moves on
a fractional basis, comparing llcrtz per JIcrtz  with
centi]nctcrs  per ccntimctcr.
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Figure 4: ColnI1cnsatcd  sap~,hire resonator.

It is worth  noting that compensation at
room temperature is much more difllcult.  It
could bc accomplished by the usc ofa n~atc-
rial with a greater coefficient of exlmnsion,
such as zinc} or by the usc of relatively ex-
trcmc]y  gcomctrics.  A comparison of Figs.
2 and 3 SI1OWS  that incrcasillg  the tclnpm-
ature from 77 to 300 Kclvins  illcrcascs  t}ic
required tuning sensitivity by more than 4
times.

4 A Compensate Resonator

Figure 4 shows a composite microwave resonator that
uses thcrlna]  expansion in an added non-sapphire
tuning clement to compensate for sa~>phirc)s  thermal
frequency variation. l’he  resonator consists of two
sapphire parts (each approximately half the thick-
ness of a conventional whispering gallery resonator)
separated by a copper post which has an expansion
coeff]cicnt  larger than t}~at of the sapphire. If t}lc
gap between the two parts is sjna]l  the resonant fre-
quencies of some of the whispering gallery modes are
strong)y  tullcd  as the gap spacing changes. IIowcvcr,

for available materials, a weak tuning effect results
if the post is only as tall as the gap spacing. Thus
tlic sapphire parts lnust bc rnadc  re entrant} so that
the I,ost is approxirnate]y  as tall .m the entire res-
onator itself. In this case a strong thermal tuning
effect, due to tile diflcrence  between post- lnatcrial
and sapphire expansion cocfHcients can completely
cancel sa~jphire’s  inherent frequency variation, The
post can be made of copper for compensation at tcm-
pcraturcs up to about 100 Kelvin, while materials
with higher expansion coefficients (e.g. zinc) could
be used up to room temperature.

l]] c)rdcr to achieve high stability in an oscilla-
tor, the high Q of the sapphire resonator Inust  not
be degraded by the presence of the post. Fhrrther-
morc,  because the compensating tuning effects are
due to physically distinct parts, thermal gradients
must be minimized, requiring high thermal conduc-
tivity through the post. We find that a copper p“ost
of approximately 20–30% of the sapphire diameter
~,rovidcs the required thermal conductivity. An axial
position for the post rninitnizcs  any Q degradation}

sirlce clcctrolllagnctic  energy in the ~nodcs is concen-
trated near the outer  perimeter of the sapphire disks.

‘J’he coxnpcnsation  mechanisln  can be understood
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as fc,llows. As the t.empcrature  is e.g. raised, the
mode frcqucncics  are lowered duc to the increasing
dielectric constant and thermal expansion of the sap
phire  (Figure 2). Ilowevcr,  the gap is widened duc
to the large thermal expansion of the copper post
(Figure 3). The resulting increase in vacuum gap
volume (dielectric constant c H 1 compared to N 10
for sapphire) tends to ruiscthc frequencies. ‘1’hcse
cancclling  effects can give rise to colnplcte  co]npcn-
sation  at some telnperatule.

As previously discussed, the sapphire clcmcnt  itself
is the primary temperature -dcpcndcnt  elc~ncnt  in
this resonator. Thus, the compensated central sub
assembly (consisting of sapphire parts and the cop
per post) is thcrlnallyiso]atcd  from the copper cm,
and held at, a stabilized operating te]npcrature .abovc
77 }< by action of a small heater and thermo~nc-
tcr (not s}]own). “llc exact tcmpcraturc  dc~)cnds
on the cxpcrimcntally dctermiucd  turnover telnpcr-
ature for the sapphire resonator suLa-wernLly. ‘1’hc
can’s temperature Inust  also bc controlled for the
highest frcquc]lcy  statjility, even though its thcrlnal
sc~lsitivity is 100 to 10,000 times rcduc.cd froln that
of the sal)pl)irc.  This is acco~nplishcd by n~ealls of
a second heater/thermon~ctcr feedback systcm  (~iot
shcwn)  that st,abilizcs  the can tcmpcratureto  avaluc
just slightly above 77 K.

4.1 Variation of mode lhqumcy w i th
Gal) Spacing

As indicated in Eq. 1, the copper/sapphire comp-
osite resonator requires a high tu]]ing sensitivity in
order to achieve compensation at 77 l{clvins.  \t’e
pr~scut  two different ap~lroachcs to evaluate the sc]l-
sitivii,y of the frequency c,f the fundarneutal  \V~~~,ll  1
mode to changes in a small gap at the rcsouator  ccn-
tcr  plauc.

● With a knowledge of the mode configuration, wc
can estimate this sensitivity using silnplc  circuit
models that incorporate the resonator dimens-
ions in a natural way. This approach lias the
advantage of illuminating the qualitative fea-
tures of the design problc~n.

● A finite clement  co]nputational technique can bc
used to esti~liatc  mode frequencies, bot}l with
and without a gap. Accuracy of this rncthod-
ology depcncls  on the number of nodes used to
characterize the gcornctry,  with fields being eval-
uated only at the node points, and with t}ic

Figure  5: l;]cctric  field configuration for t}l.e W6’11611
mode in a sapphire ring resonator. A horlzonta]  gap
at the dashed ccntcr  line will cut tllc loops of electric
field and strongly tune the mode frequency. Other
modes, e.g. the WGE611 mode v’ith horizon!  al loops,
would not be strongly affcctcd  by such a gap.

space, bctv’ccn f~tted to a si~nplc power ]aw be.

havior.

IVc know that the magnitude of the tuning can
bc relatively large, as required Ly Itcl. 1, Lccausc
electromagnetic boundary conditions can give rise to
larger energy in the gap rcgic)n than in the (high ()
sa})phire.  In particular, this is true for modes with
large electric fields perpendicular to the gap such as
the WGIIIII  I mode family chosen for oux applica-
tion.

4 ,1 .1  Grip  Scmsitivity Est imation by Ci rcu i t
Analysis

In order to demonstrate that our approach is sound,
the circuit analysis approach is used to c.stimate  a
lower bound for the tuning sensitivity. “lhc WG}lI)l  1
mode is characterized by a chain of approximately el-
liptical  loops of electric field in the z – @ plane (as
shown in Fig. 5) linked by loops of magnetic field
in the r -. + plane. 13ccausc of the co~ltinuity of
the electric field lines and of clisplacclncnt  current,
we can estirnatc the effect of the gap using a sinl-
plc series-capacitance mode]. Conventional circuit
analysis gives w = fi/1.C, and a.ssu~ning  that any

— .

change in effective inductance is small wc find:

Aw 1 AC-.—+ .--— —. .
u ‘2C



Figure 6: l)etail view of one E- field loop sl]owiy)g
clc]l)crlts of series- capacitance ]nodc].

Each clcc(ric  field loop trtiverscs a path .4 through
tllc sa~JIJhirc with cliclectric constant c~ and  then  a
gap distance d with c == 1 as shown in Fig 6. l)ccausc
of tlic colitilluity  of disl>lacel]lcllt  currcht[l  5] we can
appl  oxilnatc tllc sapldlire  capacitance as CS M f! /e
and LIIC gal) capacitance as C~ w I/d. By co~nbining
these capacitances in series we esti~nat,e the depcn-
dcncc of the capacitance C on t},e gap spacing d as:

AC dta.– - ~ — .—.. .. —-.
-c f+d(, ”

]Yc cstilnate a lower bound for the tuning effect
by assuming that the loops arc as long as possible,
touching both the resonator top and botto~n.  A}~
proxi~nating  the elliptical loo~)s  as circular the loop
]cng(h bcco]nes

+X)1

whc] c h is the sapphire }Ieight.  Combining these  two
cquatiolls  in the limit of small g, shows the frequency
smlsitivity  in terms of distance sensitivity to bc

or

Aw 1 AC 1 g(,  c, q- - ~—_-._..~ -.-. —pJ-. .x >.
w 2c2.trrh

&w >  f,-_ ~ fx-..
u –7r x

(2)

where 6z/x >, Jg/}t is the fractional variation of the
resonator height.

Sillcc c, % 10.5, a comparison of Eqs. ] and 2
shows tljat the circuit model predicts a sensitivity
more than sufficient, to achieve complete co~npensa-
tion at 77 l<clvills. l’hat is, the tuning sensitivity of
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Figure 7: Gap Sensitivity Estimated by Circuit Anal-
ysis and Finite Elcrnctlt  Calculation.

c,/rr w 3 is larger than the rcquirccl value of 13.5/7
from Eq. 1.

4 . 1 . 2  GalJ  S e n s i t i v i t y  E s t i m a t i o n  by Finite
Element Calculation

Figure 7 shows a co~nparison of the circuit model
lxediction  with calculations using a recc)itly  devel-
oped f i n i t e  clc]nent  ]ncthodology.  3’his C~YRJH ‘2-
D program [8] lnethod  takes advantage of sapphire’s
cylindrically symmetric dielectric properties to allow
a simplified a~ld ]norc accurate calculation of whis-
pering gallery mode frequencies and fields than was
previously possible. ‘llie finite elcIncIIt a~ynoacb  al-
lows relatively co~nplicated  geolnctries  such as ours
to bc easily treated.

As expected, this Inore accurate calculation gives
a larger tuning effect than the (lower bound) circuit
Inodcl prcdictiol),  but, somewhat surprisingly, shows
an additional effect. As shown irl Fig. 7, the finite cl-
ement  rnct}]od predicts that tuning effcctivcncss  (the
slope of the curve) will be degraded for gaps ~s small
as 0.02 of the resonator height.

This reducing sensitivity is showlL to be duc
to a feature not included in our simple  cir-
cuit model. For larger gaps (and also for
large n, where the wide cl)iptical  loops for
E as shown in Fig. 6 tend to bc narrow
and tall iristcad)  finite element solutions ex-
hibit a substantial horizontal (azimuthal)
electric field component near the gap, show-
ing that the gap capacitance Cg is bypassed
by azimuthal displacement currents in the
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Figure 8: Friqucncy dependence on gap spacing for
)noclcs from various families (finite elemcmt calcula-
tion).

sapphire. ‘l’hat is, a rnorc accurate circuit
model would contain an additional capaci-
tance C$g acting in parallel with C’g.

‘The vari atioll in tuning sensitivity with gap spac-
ing provides a means to adjust its strength in order
to Illatch  other requirements. ‘1’hus the gap ]nay bc
varied to provide compensated o~mration  in a partic-
ular ~nodc at a particular tc]npcrature.

Not all lnodc families are found to bc strongly af-
fcctccl by changes in the gap spacing. ‘1’}~is is to be
expected, for example, for modes with very s]na]l
R fields in the gap region. Figure 8 SIJOWS  t,hc fre-
quency  dcpende.nce  OJ1 gap spacing for three exa]n-
plcs of Jnodcs  with diflerent  characters for their e]ec-
tric fields, IJ~ order of decreasing sensitivity to gap
spacing tl]cy arc:

‘J’hc WGIIS 11 mode with a ]naxirnrr~n  of verti-
cal E field in the gal,  shows a rapid increase in
frequency with incrcassing  gap spacing:

‘1’hc WGl;sll mode has a ~naximum of radial
(horizontal) E field at the gap and shows a slight
frequency incrcasc:

The WG]1s12  ]nodc  with a sign reversal of ver-
tical ~i field at the center, and-very small  values
in the gap shows almost no change in frequency.

‘1’hc.se  results quantitatively confirm that a strong
vertical E field in the gap region, as exhibited by the
WG’Hnl 1 mode family, a]ld displayed in Figure 5, is
essential to achieve high scnsitivit,y  to gap spacing.
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Figure 9: Frequency difference between expcrirncn-
tal results and finite clcrncnt  calculation for several
rnodc fa]nilics.

For this geometry it is also the “funda]llexlta~”  mode
family, showing the 10WCSL ~nicrowave  frequency and
highest ]nodc  confinement for any given azimuthal
wave nurrrbcr n [1]. ‘1’his  family is thus an ideal can-
didate for use in a composite colnpcnsated  resonator.
Similar effects have been previously used to provide
frequency variability for sapphire resonators [16].

4 .2  E x p e r i m e n t s ]  T e s t s

4 . 2 . 1  Mode ~’rCCIUCIICiCS

A rcsonatc,r  was constructed with configuration and
dimcnsiol,s  as shown in Fig. 4, and with the parts
n~ecllanical]y  and thermally bonded by means of pure
indiurn  solder. A clean (scraped) rnoltcn  indiurn pool
on each cnd of the copper post was mated in turn to
an evaporated gold layer on the sapphire parts. Af-
ter cooling to 77 kelvin, the frequency, Q, and cou-
pling coc~cicnt.  was rnca.sured for each of 69 resonant
modes from 6.6 GIIz  to 10.75 C;IIZ. l’his  list was
then prcliminari]y rnatchcd by frequency with the fi-
nite element data. Analysis of the electro]nagnctic
visualization of the resonator cross section using the
CYRES  2-D software conclusively identified the ex-
perimental modes for each family.

Figure 9 shows the exccllcnt  agreement bctwccn
theory and experiment for the three mode families
previously discussed. The data indicates a frequency
difference of lCSS than 0.4Y0.
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Figure 10: Calculated (]incs) and
(points) telfipcrature tuning rates at

10 11

cxpcrilr)crlta]
77 l{clvi)l for

tllc 3 dominant (lowest frequency) mode falni]ies  in
a sal)p]lirc/coI)~)cr compensated resonator v’ith a gal)
of .050 C1l”l.

4 . 2 . 2  ‘1’cnnpcwature  l’uning Ii.atcs

A direct dclnonstration of the effectiveness of our
coln~>cnsation  n~e.chanisrn  c a n  be shown  by cxpcri-
)ncntal rncasurement  of the rate of frequency change
with tell~pcraturc  at 77 Kclvins.  As shown in Figure
10, the cxpc.rimental  points with positive values in-
dicate lnodcs  that are actually ovcrcompcrlsated  at
77 1{. ‘J’lIcy  will have turnover temperatures (corn-
pletc cornpcnsation)  above 77 K, as desired. Nega-
tive  value.s indicates under- compensation or even no
cornpcnsatiorl  (if values are approximately the same
as expected from the sapphire dielectric variation
alone), and a zero value would irldicate  a turnover
tcrnlmraturc at exactly 77 K.

A comparison of calculated and ]nea.surcd  tuning
rates in l’igurc  10 shows excellent agrccrne.nt. Sen-
sitivity to small changes in the gap spacing was cal-
culated with the finite element software. 2’llc re-
sults were corntrincd with values for tllc expar)sion
cocfI;cicnts  of copper and sapphire (Fig. 3) and
a fitted value for the sapphire dielectric t,cnlpcra-
turc dependence. As s},own in Fig. 2, the dielec-
tric variation values can be expected to vary be-
tv:ccrl 9.4 PI’hf/Kelvin (perpendicular) and 16.75
l’I’hf/l<elvin (paral lel)  at 7 7  Kclvins. 1 Iowevcr
this rcprcsc)lts  data ~ne~surcd at kilohertz frequcn-
cies[l  2], and may be modified at microwave frequen-
cies.

“1’IIc fitted  v a l u e s  w e r e 11 l’1’h5/Kclvirl arid

Temperature (K)

Figure II: ‘J’crnperature dcpe~ldence  of frequency for
WGlf811  cornpcnsatcd  mode at 7.23 GIIz.

.

.

—

10.51’1’hI/Kelvin for the WG’1]”11  and WGII,,12

mode families, respectively, and 7 PPhf/Kelvin for
the WGEnl 1 family. It is to be expected that tile
WGE families would have a lower value, because the
electric fields in this case are almost c~ltirely in the
r – ~ plane, and so correspond to the lower “per-
pendicular”  results, while the values for the WGI1
modes have a substatltial fraction of their electric
fields “parallel’) to the z axis.

Both calculated and experimental values in Fig.
10 show a weakening of the ccnnpensation  effect for
higher mode numbers (higher frequencies) that was
not predicted by the simple circuit model as dis-
cussed in relation to Fig. 7, ‘1’bus, modes with n > 9
in the WG}lnl 1 rnodc family are under- compensated
at 77 Ke]vins,  and so would require operation at a
lower temperature. lIowever  then == 8 modes at 7.23
GIIz  are just slightly over-compensated, and so can
be operated at a temperature a little above 77 K, as
desired. hforc detailed calculations show that higher
frequency compensated operation is possible using a
smaller gap spacing -- where the compensation effec-
tiveness is not so strongly dependent  on the mode
number.

4 .2 .3  Compensa t ed  Resona to r  Ope ra t i on

One of the two WG11811 modes was choserl for fur-
ther study. “1’his mode showed the highwt  qual-
ity factor of any of the compensated modes with
Q u 1.8 x 106. Figure 11 shows a plot of the res-
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onancc  frequency for this mode showing a turn-over
tcmpcraturc of 87.09 l<clvins. A quadratic approxi-
mation in the vicinity of the peak gi~’cs:

df-.—
f

% 1.17 x 10-7(2’- 87.09) 2.

A residual linear thermal coe.fllcient due to imlJer-
fcct  temperature adjustment 6T = 7’ – 87.09 can be
derived from the slo~)c of the curve as

1 of--——.
j 87’

~ 2.34 ~ 10-7~q’. (3)

Equation 3 allows us to estimate the ther]nal  rccluirc-
mcnts that would allow such a resonator to acliie.vc
its u]timatestahility of dj/j N 10-14. If tlic tclrll)cr-
aturc is llcld at the turnover tmnpcrature with an oc-
cumcy  of dl’  =: 1 rnillidegrcc,  tllc slope given tJy Eq.
3 will be less than 2.34 x 10-10 per Kelvin, requir-
ing a stability of 43 micro- Kclvins  to adlicve  10-14
stability. Accuracy and stability are distinguished in
this discussion, because tlIc 67’ accuracy ~iecds to be
held over a relatively long operational time period
(I]ossib]y  days or ]i~onths), while the strength clf tllc
sa~)~)hirc oscillators is in short-term stability. ‘J’bus,
in order  to achieve a stability of 10- ‘ 4 for a tilnc pe-
riod of e.g. 100 seconds, the tcrlipcrature  would need
to be stable to 43 ~nic.ro Kelvins  for 100 scco]lds,
but could vary up to 1 millil<clvin  oi’cr the ti~ne pe-
riod of operation. l’hcsc recluirernents  arc easily met
using c.o]ivcntional  thermal regulation technology as
dcvclopcd  for usc by other  types of frequency stan-
dards[17).

4 . 2 . 4  C)scillator S t a b i l i t y

An oscillator was constructed, stabilized tJy the
W G H811 ]node  of the compensated resonator. Prc-
]ilJlillary  oscillator tc.sts were accomplished with open
loop control of the resonator tclnperature, and with
t}JC can temperature llOt regulated, but determined
by direct cc~~ltact with a liquid nitrogen bath, ‘l’he
stability of the oscillator was characterized usi~lg a
hydrc~gcll  ]naser  frequency standard as reference.

As shown in Figure 1’2, the Allan Deviation of frc-
q~lcncy variation was measured to be 1.4-6 x 10-12
for measuring times 1 second < T < 100 seconds.
‘1’here wa.~ a large but constant frequency drift dur-
ing t]jc course of the mcasuremcrits  which wc at-
tribute to the uncontrolled can tclnperature and tlie
changing level of liquid rlitrogcn.  It seems likely that
tllc frequency variation observed was also caused

. . . . .S! ’’3’’5’’5’W’S” W
MEASURING TIME I (SECONDS)

Figure 12: Frequency stability of sa~)phirc  oscillator
with uncontrolled can temperature

by can tcm~)crature  variations. We project a fre-
quency  stability 10 - ] 4 for this resonator with stabi-
lized can temperature and with a ]llode quality  factor
of Q=: 107.

5 Conclusion

W C }Iave cle]nonstrated  a ]iew ultra- stable oscillator
(USO) capability which promises performance inl-
provcmc.nts  over the best available crystal quartz os-
cillators in a compact cryogenic ~)ackagc. First tests
of this rncchanically  compensated sapphire oscillator
show stability in the low 10--12 region for measur-
ing time.s T < 100 seconds. \Vc ~mojcct  a stability of
10-]4 for this technology at liquid nitrogen tc]nper-
aturcx.
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